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THE C3LLttIAR STRUCTUU 0F THICK-LLYRRE AIMDIC OX~ii. ?ILM
'by

I. D. Tomashov and F. P. Zolivalov

?hiok-lmayered oxide films (of a thickness of 25 to 20C microns) anodi-

sally formed on the surfaoe of aluminum and its alloys have great practical sign-

ifioanoe due to such valuable propoertie. as high resistance to wo&r by attrition,

high heat and electrical insulation qualities, oondiderable toughness in mesh-

ing with other metals, and high resistance to oorrosion Th-3 e The properties

,: anoio oxide films are determined by their structure, which in tur-. depends

on the Gooitions of the 'l0ot1roysig.

A oonsý.Aersble baount of work has been devoted to the investiatioon of the

structure of anodic films ocotained on pure aluminum by foreign and domestic

authors r4--83, according to wýoh the structure of theme films represents a

dense psoking of oxide units of hexagonal form set perpendicularly to the sur-

faoe of tho metal and solidly welded to each other by their lateral N~oes (Fig.

1). oh ,anlit (•r ooll) consists of a oentrally located pure, the walls of the

oxide cell, and a thin layer of oxide of the barrier type (barrier film) as its

besis. The diameter of the pore is deter. 4rad mainly by the oharacter of the

oleotrolyte and does not depend on other oonditions of the anode process.

The study o' the structure of the anodic oxide tilme, along with a grest

deal of theoretioal interest, has direot pra•otioal uignificosie, inammouh as

it enables one to mark out ways for the creation of new coating. with proper-

ties given beforehand and also to Vrocood tO the explamati-n of the strioture

and properties of mmcadV film. obtained on alminum allows. The pu=xse of this
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present work is oeatserd in the determination of the qusantitative iAteroonneo-

tion between the thicsaoee of te* barrier layer of tie film Ma the dimensions

of the oxide cells.

For objecta of resoiwoh there were ohosen ePsOmeas of aluMInRA of the

brand AVO0 (99.99% Al) which were thee anodioally oxidised (ano4ised) in 4-n

"w•th evxrest do-s"j#e9 of 2,K; q and 10 sp/" 2 wid *he shaping votages

correspoding t) then (3) 229 25, aM 27 V. The teopersture of the electrolyte

during the * yoisin was maintainsed at about - 2 . For comparison we rsearch-

a-• ed the struture of the anodie .1ll obtained in the

ordinary proct€ure of the anodic processo density

of the ourrot.t 1 amp/do2 (shSpine volta"e bT),

temperature of electrolyte 20 . Ike procedure

&Md conditions of the anodising are described

sore In detail Ln other rports [9, 10]. The

Fig. 1. Sahe.s Io preegata- imeaNIons of the oxide cells are determined

tion of the struature of the fiov photopapoks obtained with the electron micro-

cello obtained In .anodi ox- scope U-3 wit% the aid of collodion and carbon

idation of aluinin�nun .af e. Ts W* ? •hiokness of the barrier layer

said. 1--oxide oell,2--pore, of the acodic film was determined by the eleotro-

3-wall of oxide Oell,4--b- oheiolal method (11], based on the measurment of

rries layer, 5--.luminma, 6. the depeadence, volta"-euperage in alkalised 3-

impressions of oxide cells on pe~rent solution of irtario said p pH - 5.5) in

swfaoe of alumirmu after re&.. Whic the Uste t6t the growth of the barrier is

movml of anode films C is equal to 14 A/v. In aocordanoe with these data t*a

dimension of oxide oell equal thkieka.. of the barrier layer (A) is equal to the

to diameter to circle oeanr- fou~rtefold maxsiau toemiuas. voltage of the oirou-

bed in h g, C is CIS It is volts at which the current deeo not rise shar-

s but for e.irounribed plyo '"e latter Is observed at the rise above the

PlD-I? -64-598/1+2-I



Oon'. PF6 o 1.
vdltage st whioh there was formed the given barr-

airolo, 8-toieknses of
ter layer.

barrier layer

In the article two questionm are oonsiderti,

1. Keeping in mind tht tho oxide film is formed in the barrir layer it is

natural to asvume a definite dependenoe boeween the thioknws of the barrier lay-

oi on! 0h v 0t' %#. E'th* ir cell (See Fig. 1). The first attempt Uo find suc~h

a dependence was wdo on the basis of theoretical preomises In the "port [4J i

which the rnlatitonhlp between the else of the cell Cj-', equal to the diamter

of the circle inscribed In the hzaegonal cell uan the thickness of the barrier

layeio•i ea by the formula Oj•- 426, In the follcig work r•5 the oon-

nectian between the mime of the cell and the thiokness of the barrier lsyer, whLoh

was obtained on the basis of experimental data, is dOteraLne4 by the equation C

V 1.67 6 4 p, ftere p is the also (liamtOr) of the pore. In the work '73 it

is pointed oul that in aoordaaoe with oalculations the distance botwen the por-

oe cannot noeed twice the thickness of the barrier layer and ordinarily is equal

to its thiaknobs, i. so, oine can write that ODIT,:zýA BDy rewriting the abovo-pro-

sented equations C3• •r 0  - 1.67 6 + p and Cn-in the form of a rato

of the thiokness of the mail of the oxide cell to the thieknoss of tte

barrier layer (ý) we shall have oorrtapondilngl

Con - 07, 05

1. 6., the ratio 2 which o-karacteritse the connection of the thiknoess of

the wall of the oxide ioil with the thickness of the barrier laver in all 3ases

loes than unity.

In table I there are ahown the figures f^r the dimensions of the 6socribed

cells of Lnodio filas and toe tA43kneso of the carrior lawr worrosponding to them,

which were obtained experimentally for four prooedures of anwdic ozidation of

aluminum. inco the cell has a six-sided for. in the table ihere amre givon two

rM-,?-.645',981+2



diaensions of the oxide oell one equal to the diameter of a oircle desoribed

in the hexagon (CvM) •a another equal to the diameter of a oiroueoribed oiroie

(CO ,).

?he ratio of the thicknes of the iml of the oxide ooll to the thickness

of the barrier layer, 1. e., the m-LitudeC V es is aeen from Table 1, lies

within the limits of 0.802 to 0.811. The ret1-9-0i oouputed from the oell equal

to the diumtor of oirole oirnoimoribing the hexagon is equal to 0.958--9.994, 1.

e., to the geatedt d4groo appiroohes unity. In faot the most probable ratio, so
CO

it emst will b th0 equlty2= - 1, where C;, ts the maxlm poosiblo

dimention of the *ell ("ooriung to the iroumsoriboed airols). Tben the reatoest

%.gnitudo of the aise of the *011 in "oord-•noe With Ineoribod circleo (C' ) wl1
C0

be equal to Ci t- e wiaerl k is the ooefficient whioh determines for the ,orr~et

hexagon the ratio of the di•eoter of the oizoussoribed oaivl. to the diameter of

the iz-soribod otrol- (k - 1.154). In this way one my oonolude that the besio

relationship whkoh doesewu•in the structural parameters of the thiok-layer ancdio

film is tLo ,n-Va 1. The figures of the dimensions of the oxide oell

are detývtw 11 ta, •, following foras CO'n " 2 p and Cn *-LU All other re-

l&tjons,',• proe ia be more or lees precise approx.imtions tc, thyse eqationso

As an example whi*L oonfirms the ola. oonneotion of the thiokmess of the

iarrioe layer with the soN of the oxilo oell one my use the temperatures iveon

in sooordavoe with the effect on them, is is sees from ?ig. 2 and fig. 3, with

the rA.s in the temperature of the electrolyte, there is a Irop in the thtoknoes

of the barrier layer and the ecie of the oxide oall. Sime the two experiments
q

were set up in someshat 4 1 , t onditions they do not allow a nueri~ol oon-

parison of these values. Nowev•l, the *ocforuity to I1w in the tw oase, Is iden-

toal.

2. In the researho of se eelluar Wt-voture of the tkiok-layered avodjo

films the most oba,.t. rietio form of the mutual o•retation in the striat

M-?-64-50/i.2 4
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( :erliness (regularity) in the arrangeent of the oxide olls. This can be

Seen from Fig. 4, & and b, where there art presented the eleotron-mioroeooA•

piotures obtained b7 us of the oellular structure in two mutually perpendi3ular

planes. "A Is seen from Fig,. 4, , •scb oell, judging by its impression )n

the photograph# borders on six adjoining cells, forming a solid paoking of

hexagons, reminding ons of a beehive. As is known the most solid paoking of

8phbros is such ar arrnngemsnt of them that eash sphere has six neighbors in

contact with it. There is no other wy of arranging a solid layer of spheres,

and the bases oa oxide cells represent spheres, close in th3ir geometry to houk-

Isphere s. Therefore the form of the oxide oells corresponds to the fnrm of

he xane drone.

In acoordanoe with our concept the orderly cellular structure is forme1

n Mr• in the foe-

lowtng way.

In ttre be-

'C ginning af-

,.or the
Fig. 2. Iffeot of temperature Fig. 3. Effect of temperature on. size

format to; o'
of eleatrolyte on the thick- of oxide oolls of &nodloc oxide film

t he t'ri 1n
ness of the bar~rier layer oh- obtaijed unde- folzowinqg condi"'Ior.1

tamred on pure alusitnum i n 99.Q<1-peroant C7, 4-nr1.5~ 0.,
• 4

crf the tar-

Legends (I) thickness of -barrier 1ayer, 2'? tos eat"rs,
r cLr type

uig.e of xide oslo. k4) temperature.
on the sur-

fnao of the metal in te process of Its anodizing there a.-e forom separate

ells oorrelsponding to those placos in the film. who"e t pores a" for.3.

e presence of t uaoh places tr rAtermined a ser knA of defeea•tsi the

barrier film which *or* easill are subjeoted -to the oaustic action of the
hjr r il whc •r e6i~ ~e••~ce , ti ael cino



unnirnits nlul
REPRODUCIBLE

eeloorol; to.

As the chaping vo'+ags

between the existing o611.8

inor~aos nWW 0olls :-ý-O

formed gradually fl"I'4.ng

the wbole uurfuoe of the

metal. Apparent~y, o*vn

an earlier f..rmed tsml-

aphsr* of a oell oanrnot

* ~grow unlimited.iyl siae t

dimenvions will. be later-

m Ir& d lb-y he appllsdý vs t-

ag.andthe oonduotivity4 iof the film. Rwve r,

without doubt in the In-

it'al moment. of tl~e fozrm&-

tion of thofl t.

Fig. 4. Slootron-ciarosoope photograph-@ : obo 2 : -

tailned o~f the surfaoe of thp aluninusi after
t be f orza tir I, nf oes wl 1

removing the anode .1i1m (a,) m.d from tta
gtve loee tiow for their

surfsoo of the longitudtna' shear of the
growth, "n tUe oenters of

1film ýb;'. T.he filsm e~ obtained In 4--c..

2 the oell. will be arrangel
R,~30 at ~ m/din? :o I Iod ion-.oar bon

4 4 at D + "P aaotioally withut. ar'j
ikuprogguons & -X22,Or; b - z169O00.

a situation refers to the initial. period of the 'orsation of the porous ;.ar* c

the film.

FT-4-?'-64 r,ý /1 2



After the separate cells look together and cover the whole surface of

t-.e metal the cello on then onLy grow in depth. Under these ocnditioni,

•p.;arentlj, each cxid4 vvll which has a lesser hemisphere (having delayed

"rc,- tie ireginnirg nf tha gr.tb ) will have more poseibility for growth since

+here cells are dlatinguisaed by the lesser thickness of the barrier lVyer.

thii way ir, th• beginning of the process of the formation of the porous

part :.f the fhm toere is .,baerved a oertain disorder, irregularitr in the

etr<-A2tzre of the oxvie oel]a.

•n may aiesme t. varianto of the trangition to the strictly orderly aol-

li.I: f.tr,-tu~r'. The first oonsists in the "squeezing" of some cells by

others, i. e., sparfrta -eslla will in the procegs of theiL growth in depth grad-

ualy orowe their rielghbore, lining up as to dimensions and and regrouping so

as to orcat& as much as -ossible a more compact p4eklng. But in this case

the nurabr of oilxs coming into exietence at the very beginning should be pro-

aerve,-/. thrm-ghout the whul, anodic process. Since the number of first cells

cqa- in goneral be lidafniioe (i. e., their numbe. to a greater or lesser degreR

if:rs f iem the er of cells corresponding to an orderly structure), t1aere-

f.,ra thi average dimensions of thv cells in each separate oas', should vary,

which, as is knowng, is not so in practice.

The second, as it seems to us, mor6 real variant oonsists in thl reorgan-

.sation of the cells themselves in the process of their growth. In this

case Vhe rearranging of the cells results in this that out c a greater

number of oellsa smaller number is formed--too often the arriiged culls wiIl

ulane. Such a reorganisatlon is schematically presented in Fig. 5. As a

cisu't the cells are aligned in accordance with their dimensions. But in

thil case the cells will tend to align themselves not in a general way but

a&&ounA E definite maxiim•m dimension determined by the equation -n= -
½1nly ,f*.r tnis each oell gets equal possibility for its growth. And as ACoon

+ 2



as the d ainsions vf the oells becoms identifal the sohem of their arrange-

mqnt takes on a striotly orderly appea~ramo. This till oorrespond to the eta-

bilizsation of the struoturs of the anodio film.

S -- The possibility of suoh a reorgani-

7, } V sation was shown in the following experi-

-- ment. At the time of the anodising the

_'I H _density of the ourrent changed (from 2.5

to 10 amy/din and vio. versa). After

this the eleotron-mioroeooy inrestigated
Fig. 5. Soheome of the arrai.pment of

the oellular struoturs on the boundary
the orierly oellular structure on separating the metal and the oells (aftei
the .-urfaoe cf aluminum with uniform

removal of the film). As is seen from
at-uoture of the Metll a&-initial

Table 2 with the; abhaig in the dent.f

moment (disorderly struoture); b-.. b

of the o.irrent there wse a (,hange also
rearrangement of the struoture, a-

in the dimensions of the oxide oells
orderly (regular) struoturse.

(wnd oonsequently of their number), i. s.,

Table 2

Dimensions of Oxide Cells with Cha.We of Density of Current in the Prooess

0xidatlon of Aluminum (4-n. 1 230 4 , t - -2")

.i... of i. Change in sise of o=lf4j-density ranodic of
of ourrent oxida- ells theoretioal. observed

amp/dim2 tion{

SCI 0 560

there ocours a reorganisation In the strioture of the film itself (the plus

sign, indioate. inoreaie in the *ise of oells; the mimas sign, deorease).

K ?rD-Tr-64-598/1 + 2



in this my, the reorg•nisation of the structure of ta oxd, cells

in t he proesse of anodic oxidation is quite possible.

Cone lu s io ns

1. It rmo been shown that the basic ratio which determines such structural

parameters of a thiok-lier anodic film as the size of the oxide cell (Co.)

and the thickness of the barrier layer is th. equation

where p is the diameter of the pore.

2. Tht-e has been presented the mechanism for the formation of the order-

it 3ellular structure according to whioh with the shaping of the oxide cells

tiLere occurs rot only a qualitative (change of dimensions) but also a quanti-

tative reorganization of the cellular structure.
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